The induction kinetics of genetic damage were measured in one clone of a mammalian cell line (CHO AS52) with three genotoxicity assays, the single cell gel electrophoresis (Comet) assay, laser beam flow cytometry and forward mutation. The first two assays allow for the rapid analysis of genotoxic damage in individual nuclei. The alkaline Comet assay detects DNA strand breaks, alkali-labile sites and incomplete excision repair sites. Flow cytometry measures chromosome damage that results in an unequal distribution of nuclear DNA in daughter cells. We calibrated these assays to compare acute DNA damage and longer term clastogenicity with forward mutation at the gpt locus using ethyl methanesulfonate (EMS). The EMS treatments were conducted in F12 medium for 2 h. AS52 cells carry a single functional gpt gene which provides for quantitation of gptr mutants by selecting for 6-thioguanine resistance. EMS induced a concentration-dependent response with median Comet tail moment values of 1.06 |xm for the negative control and 64.6 urn with 20 mM. The coefficient of variation (CV) of the negative control with flow cytometry was 233; the CV value increased to 4.87 in cells treated with 20 mM EMS. EMS (8 mM) induced a mutant frequency of 779.8x10""* at a relative survival of 64.4%. Genetic response factors were calculated and the data demonstrate that the induction kinetics of genetic damage as measured by the Comet assay (15.6) and flow cytometry (14.2) were more closely related than that determined for mutation induction (7.9). These three assays measure a wide spectrum of genetic events at the level of DNA, the gene and the chromosome and demonstrate the usefulness of the Comet assay and flow cytometry as two relatively rapid procedures to detect genotoxic damage in mammalian cells.
Introduction
We are using the alkaline single cell gel electrophoresis (Comet) assay with flow cytometry to systematically screen and identify antimutagenic properties of soybean processing products (Plewa etai, 1997) . Integral to this research is the calibration of these assays with forward mutation within a mammalian cell line with specific mutagens. The genetic end points analyzed include acute DNA damage detected in the Comet assay, whole cell clastogenicity detected with flow cytometry and forward mutation in Chinese hamster ovary (CHO) cells. This battery of assays measures mutagenic events at the level of DNA, the gene and the chromosome and allows for a comparison of the induction kinetics of each genetic end point The alkaline Comet assay detects DNA strand breaks and alkali-labile and incomplete excision repair sites. With flow cytometry chromosome damage is measured by an unequal distribution of DNA and an increase in the coefficient of variation of the G, peak. CHO cell line AS52 carries a single functional gpt gene; gpr mutants are 6-thioguanine resistant. Relatively few studies have calibrated the Comet assay with more well-established genotoxicity assays. The Comet assay was compared with induction of mutation and chromosome aberrations in L5178Y mouse lymphoma and CHO cells (Majeska and Holden, 1995) , with sister chromatid exchanges in human lymphocytes (Hartmann and Speit, 1994, 1995) , with chromosome aberrations and mutation (Monteith and Vanstone, 1995) and with DNA unwinding, alkaline elution and chromosome aberrations (Slameftovd et al., 1997) . A novel comparison was conducted in human lymphocytes between the Comet and fluorescence in situ hybridization assays (Anderson et al., 1997) . Since no previous studies have compared genetic responses in the same clone of cells, the objectives of the present study were to compare the induction of a wide spectrum of genetic damage in a single clone of mammalian cells using ethyl methanesulfonate (EMS).
Materials and methods
Chemicals, media and cells EMS (CAS no. 62-50-0) was purchased from Sigma Chemical Co. (St Louis, MO). General laboratory reagents were purchased from Fisher Scientific Co. (Itasca, IL) and Sigma Chemical Co. (St Louis, MO). Media supplies and fetal bovine serum (FBS) were purchased from Hyclone Laboratories (Logan, UT). The transgenic CHO cell line AS52 carries a single functional copy of the bacterial gpt gene integrated into its genome (Tindall and Stankowski, 1989) . Cells were maintained in MPA medium (Ham's F12 medium, 250 ng/ ml xanthine, 25 |ig/ml adenine, 50 |lM thymidine, 3 HM aminopterin and 10 jlg/ml mycophenolic acid) plus 5% FBS at 37°C in 5% CO 2 .
Single cell gel electrophoresis assay
Approximately 72 h before treatment, 2X10 5 cells were seeded onto 60 mm culture plates with 5 ml F12, 5% FBS. The cells were washed twice with Hank's balanced salt solution (HBSS) and treated with EMS (2-20 mM) in 2 ml F12 without FBS. The plates were incubated at 37°C in 5% CQ2 for 2 h. Two milliliters of HBSS were added to each plate and the solution was aspirated. The cells were washed twice in HBSS and detached from the plate with 300 nl 0.005% trypsin, 53 ^iM EDTA solution followed by 100 nl F12, 5% FBS. Cell aggregates were dispersed by repeated pipetting. For each slide a 10 (J.I cell suspension was mixed with 75 |il 0.5% low melting point agarose (LMA). Two slides were prepared from each treatment group under dimmed light conditions. The cell suspension (-1X10 4 cells) was spread upon fully frosted microscope slides covered with 110 nl 0.5% normal melting point agarose in phosphate-buffered saline (PBS). After the agarose solidified, 80 |il LMA were spread over the cells. After the agarose solidified and the coverslip was removed, the slide was immersed overnight at 4°C in lysing solution (2.5 M NaCl, 100 mM Na 2 EDTA, 10 mM Tris, pH 10, 1% sodium sarcosinate) containing 1% Triton X-100 and 10% DMSO, added just before use. The slides were placed in a horizontal gel electrophoresis tank containing freshly prepared cold electrophoresis buffer (1 mM Na 2 EDTA, 300 mM NaOH, pH 13.5). unwind; this was followed by electrophoresis at 25 V, 300 mA (0.74 V/cm) for 20 min at 4°C. Following electrophoresis, the slides were nnsed three times in 400 mM Tris, pH 7.5, stained with 60 (jj ethidium bromide (1.5 ug/ ml), covered with a coverslip and 25 randomly chosen cells per slide were analyzed with a Zeiss fluorescence microscope with an excitation filter of BP 546/10 run and a barrier filter of 590 nm. A computerized image analysis system (Komet v.3.0; Kinetic Imaging Ltd, Liverpool, UK) was employed to measure specific parameters, including the tail moment, which is the integrated value of DNA density multiplied by the migration distance (Fairbairn etal., 1995) . Trypan blue vital dye (0.05%) was used to measure cytotoxicity.
Laser beam flow cytometry
Cells were treated on 60 mm plates with 0.8-20 mM EMS for 2 h, washed and harvested as described previously. Each cell suspension was added to 100 mm tissue culture plates with 10 ml F12, 59b FBS and incubated at 37°C, 5% COj for an additional 96 h. Nuclei were isolated by the propidium iodide (PI) hypotonic lysis method (Grogan and Collins, 1990) . The cells were washed with HBSS and 1.5 ml PI stain solution was added to each plate (0.05 mg/ ml PI, 0.1% Triton X-100, 0.1% sodium citrate, 7.0 U/ml RNase). The plates were stored at 4°C for 40 min, after which the solution was filtered through a 53 |im nylon mesh and stored on ice. The nuclei were analyzed on a Coulter EPICS 750 series flow cytometet/cell sorter (Coulter Electronics, Hialeah, FL). The excitation wavelength (488 nm) was provided by a 5 W argon ion laser. A minimum of 5000 nuclei/sample were analyzed. The histograms 82 obtained were analyzed by the MULTICYCLE program (Phoenix Flow Systems, San Diego, CA) and the coefficient of variation (CV) of the G! peaks was recorded (Biradar and Rayburn, 1995) .
gpt forward mutation assay
The day before treatment, 1X10 6 cells were plated per treatment group in a 100 mm culture dish containing F12, 5% FBS, j XAT medium. The following day (day 0) cells were washed twice in HBSS and treated with 0.8-8 mM EMS in 5 ml F12 without FBS. The plates were incubated at 37°C in 5% COj for 2 h. A negative buffer control was incorporated within each experiment. The cells were washed three times in HBSS and 10 ml F12, 5% FBS were added to each plate. The following day (day 1) cells were recovered and 1X10 6 cells seeded onto 150 mm plates containing 50 ml F12, 5% FBS. Two hundred cells from each treatment group were plated in triplicate onto 60 mm plates with 5 ml F12, 5% FBS. These plates were incubated for 7 days and the toxicity of EMS was measured. On day 4 a second recovery and plating of 1X10* cells for each group was conducted. On day 6 the cells were recovered, counted and plated five times at a titer of 2X1O 5 cells/plate with F12, 5% FBS, 12.5 |iM 6-thioguanine to select gpr mutants. Also, 200 cells from each treatment group were plated in triplicate onto 60 mm plates in F12, 5% FBS to determine plating efficiency for each group. On day 8 the acute toxicity plates were stained with 1 % crystal violet in 50% methanol. On day 13 the plating efficiency and mutant selection plates were stained and counted. For the flow cytometric analysis the cells were allowed to grow for ~4 cell cycles (4 days) and then the nuclei were isolated for cytometric analysis. These data demonstrate that the concentration-response curves for induction of acute DNA damage and whole cell clastogenicity are correlated. SE, standard error of the mean.
•Data from three experiments, F 8 ,1191 = 280.56, P < 0.001.
•"Data from three experiments, F 8 15 = 5.10, P < 0.003.°D ata from three experiments, F 8 ,15 = 20.99, P < 0.001. ''Data from four experiments, F 9 , 29 = 23.84, P < 0.001. TJata from three experiments, F 7,91 = 178.99, P < 0.001.
Results
The results of experiments to compare the Comet assay with whole cell clastogenicity as measured by flow cytometry and forward mutation at gpt are presented in Table I . Analysis of variance was the statistical test used to determine if significant differences were present among the treatment groups and their corresponding negative controls. If a positive F test was calculated, pairwise comparisons were conducted between each treatment group and the negative control using Dunnett's method. Tail moment was the primary measurement for the Comet assay and a significant concentration-response effect over the control tail moment was determined for EMS concentrations >2 mM (F 8 , ,, 91 = 280.6, P <0.001). We also calculated the Comet median tail length and tail percent DNA and these indicators demonstrated significant concentrationresponse effects as a function of increased EMS exposure (F 8 , l5 = 5.1, P <0.003 and F 8 , 15 = 21.0, P <0.001 respectively). The acute cell viability for the Comet assay is presented in Table I . As a measure of whole cell clastogenicity using the flow cytometer, the coefficient of variation (CV) values for EMS concentrations of 10-20 mM were significantly greater (F 9 29 = 23.8 P <0.001) than their negative control. At a concentration >0.8 mM EMS induced a significant (F 7 91 = 179.0 P <0.001) concentration-dependent increase in induction of gpr mutants (Table I) .
Discussion
The goal of this research was to calibrate induced genetic damage as measured by the Comet assay and flow cytometry (Figure 1 ) with forward mutation. A correspondence between damage exhibited in the Comet assay and by flow cytometry has been demonstrated with 2-acetoxyacetylaminofluorene in Chinese hamster lung cells (Plewa etal, 1997) . All three of the assays investigated were sensitive to the genotoxic action of EMS. These findings confirmed earlier work. EMS (0.3-10 mM) induced a significant increase in the CV values of the largest chromosome peak in Chinese hamster cells (Otto and Oldiges, 1980) . Leroy et al. (1996) found the Comet assay to be more sensitive than alkaline elution or nick translation for detecting DNA single-strand breaks in human lymphocytes, with significant increases with 0.5 mM EMS. Figure 2 illustrates that the most sensitive genetic end point was the gpt forward mutation assay, closely followed by the Comet and flow cytometry assays. Each of the genetic end points demonstrated a region of linearity in their concentration-response curves. These regions were: gpt assay range 0-8 mM EMS, r 2 = 0.95, slope = 88.9; Comet assay range 4-20 mM EMS, r 2 = 0.95, slope = 3.80; flow cytometry range 6-20 mM EMS, r 2 = 0.93, slope = 0.15. The kinetics of response for each end point were compared by calculating the ratio of the difference in the response within the linear portion of each concentrationresponse curve divided by the slope of the curve. The genetic response factors for the gpt. Comet and flow cytometry assays were 7.9, 15.6 and 14.2 respectively. This suggests that tie induction kinetics of genetic damage as measured by the Comet assay and flow cytometry are more closely related than that determined for mutation induction.
These data demonstrate a close correspondence among the genotoxicity data from the Comet assay, flow cytometry and point mutation analysis. These three assays measure a wide spectrum of genetic events at the level of DNA, the gene and the chromosome and demonstrate the usefulness of the Comet assay and flow cytometry as two relatively rapid procedures to detect genotoxic damage in mammalian cells. The relationship was defined between a well-established forward mutation assay, a short-term in vitro genetic assay that detects acute DNA damage and an assay that detects longer term whole cell clastogenicity. These calibration studies will serve as a foundation for the use of flow cytometry and the Comet assay in comparative genetic toxicology.
